The crystal structures of piperazinium tetrahalogenometallates (II) [C 4 
Introduction
We have been studying crystal and molecular structures of cadmium(II) halide [1 -13] and zinc(II) halide complexes [7, 12, 14, 15] and their phase transitions for the last decade by X-ray structure analysis and nuclear quadrupole resonance (NQR). A variety of polymeric structures of anions in the Cd compounds were detected, whereas only isolated tetrahedral ZnX 4 2− anions exist in the Zn compounds. In contrast to the above mentioned general trend, piperazinium tetraiodocadmate (II) was found to adopt an isolated anion structure in our previous work [13] . Furthermore, we found that a series of salts [C 4 H 12 N 2 ]MX 4 (II) (M = Zn, Cd, Hg; X = Br, I) show a single firstorder structural phase transition around 560 K [16] . Crystals of all these complexes seem stable, with decomposition temperatures above 600 K without any phase transitions between ca. 130 K and ca. 560 K. In order to elucidate this rather unusual lattice stability and the mechanism of the transitions at high temperatures, we determined the structures of [C 4 H 12 N 2 ]MX 4 (M = Zn, Hg; X = Br, I).
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Results and Discussion

Crystal structure
The crystal structures of [C 4 H 12 N 2 ]MX 4 (M = Zn, Hg; X = Br, I) were found to be isostructural with [C 4 H 12 N 2 ]CdI 4 [13] . They are orthorhombic with space group P2 1 2 1 2 1 and Z = 4. The positional coordinates and equivalent isotropic thermal parameters U eq are given in Table 1 . Intramolecular bond distances and angles are given elsewhere [17] . The anions form an isolated tetrahedral structure with four crystallographically nonequivalent halogen atoms in the unit cell, which agree with the four resonance signals observed in our NQR measurements [16] . Fig. 1 shows a projection of the unit cell of 1 along [100] onto the bc plane. The crystal consists of isolated ZnBr 4 tetrahedra and piperazinium cations. The cations and anions are combined alternatively with hydrogen bonds of N-H···Br type, forming onedimensional chains along the c-direction. There is a short interionic contact C(1)-H(12)···Br(4) between these chains. The hydrogen network scheme of the present crystals with six N-H··· X hydrogen bonds and [16] . This observation is explainable in terms of the N-H···X hydrogen bonds.
The correlation of phase transitions with crystal structures
The [C 4 H 12 N 2 ]MX 4 (M = Zn, Cd, Hg; X = Br, I) crystals exhibit a single structural phase transition No absorption correction has been applied for the IPDS data.
around 560 K [16] . These phase transitions are considered to be of first-order according to the shapes of DSC (differential scanning calorimetry) curves. In addition, they appear to be of the displacive type, because the observed transition entropies ∆ S tr are very small. The DSC results are given in Table 2 . All of these complexes decompose above 600 K, and no phase transition was observed between ca. 130 K and ca. 560 K. This lattice stability seems to result from the relatively strong N-H···X hydrogen bonds in these crystals.
[N(CH 3 ) 4 ] 2 MBr 4 (M = Zn, Cd, and Hg) undergo a structural phase transition below room temperature. The low-temperature phases of these compounds have the space group P2 1 /c, which is also found the room-temperature phase of [CH 3 [18] . We found that the transition temperatures increase as the number of N-H···Br hydrogen bonds increases, suggesting that N-H···Br hydrogen bonds stabilize the crystal lattices.
There is no correlation between transition points and unit-cell volumes or average hydrogen bond distances as can be seen from 
Experimental Section
The piperazinium complexes were prepared according to [16] . The structures of [C 4 (4) were determined using a Stoe IPDS instrument. From measured intensities corrected for Lorentz-polarization and absorption effects, the structures were solved by the direct techniques and Fourier syntheses, and refined by least-squares methods with programs given in ref [20] . The experimental conditions and crystallographic data are listed in Table 3 . The X-ray crystal structure determination of [C 4 H 12 N 2 ]ZnI 4 (2) was done at 223 K, in order to improve the intensity collection and reduce thermal motion.
